droxyethyl-D-glucose, and f3-methyl-D-glucoside, were required for appreciable germination of heated spores. Glucose or mannose contamination accounted for the germination apparently induced by certain other sugars. Ionic contamination did not appear to contribute to the germination induced by D-glucose, D-fructose, 2-deoxy-D-glucose, or L-sorbose. There was no clear-cut evidence for a multiplicity of metabolic pathways in the triggering of B. megaterium spore germination by various sugars. Postgerminative development of germinated spores was supported by a wider variety of carbon compounds, including some pentoses and hexoses, many oligosaccharides, sugar derivatives, some alcohols, and some of the tricarboxylic acid cycle intermediates. Compounds effective for germination were not necessarily utilizable for growth, and vice versa. Oxygen consumption rates reflected the progress and extent of postgerminative development on the 1 A portion of this paper was presented at the Annual Meeting of the American Society for Microbiology in Washington, D.C., 3-7 May 1964. various carbon compounds. Utilization of glucose during postgerminative development was followed, and the concentration requirements were determined.
Bacillus megaterium spore germination is triggered by a wide variety of compounds of quite diverse nature, including glucose, L-alanine, or KNO3 (Hills, 1950; Powell, 1951; Hyatt and Levinson, 1962) . It is evident, therefore, that neither a carbon nor nitrogen source is specifically required for germination. Postgerminative development of the germinated spore into a dividing vegetative cell, however. requires sources of phosphorus, sulfur, and nitrogen, as well as a metabolizable carbon source, such as glucose Levinson, 1957, 1959; Levinson and Hyatt, 1962) . Levinson and Hyatt (1962) showed that nitrogenous compounds supporting germination do not necessarily support postgerminative development, and also found that germination may occur via diverse metabolic pathways. The present report extends the observations with nitrogenous compounds to carbon compounds, 77 compounds having been examined for their ability to support germination and postgerminative development. Some of these have already been listed as germination agents for various species of Bacillus, but we know of no other investigation of such a large number of carbon compounds in postgerminative development. By variation of germination conditions, we investigated the possibility that different sugars trigger germination through different metabolic pathways. On the basis of our experiments on oxygen consumption rates during postgerminative development in various carbon compounds, we discuss, and to some extent confirm, the observations of Hachisuka et al. (1956) that oxidative systems develop in a stepwise 1403 
MATERIALS AND METHODS
The same pool of B. megaterium (QM B1551) spores was used as previously described (Levinson and . Briefly, the spores were grown on liver broth (0.8% Liver Fraction "B," The Wilson Laboratories, Chicago, Ill.), buffered initially at pH 6.5 with 10 mm potassium phosphate, harvested and washed by repeated centrifugation at 4 C, and then lyophilized. Spores at a final concentration of 1 mg (5 X 108 spores) per ml were used, either unheated or heated in water suspensions at 60 C for 10 min, unless other heating conditions are indicated.
Compounds of the highest commercially available reagent grade were used throughout. DGlucose, D-fructose, and L-sorbose (all from Pfanstiehl Laboratories, Inc., Waukegan, Ill.); D-mannose (Fisher Scientific Co., Pittsburgh, Pa.); and 2-deoxy-D-glucose (Calbiochem) were studied in detail as germination agents. These sugars and all other compounds active in inducing germination were tested for trace sugar contamination. Glucose contamination was estimated by an enzymatic method with the use of glucose oxidase (Glucostat; Worthington Biochemical Corp., Freehold, N.J.); other reducing sugars were developed on paper chromatograms with n-butanol-n-propanol-ethanol-water (2:3: 1:3), and were sprayed with alkaline AgNO3. Certain compounds were freed from glucose by incubating them for 1 hr with glucose oxidase [1 ml of 250 mm sugar solution and 1 ml of glucose oxidase (12.5 mg of Glucostat reagent)]. Glucose-free a-and f3-methyl-D-glucosides were also prepared by passage through a mixed bed resin (Amberlite, MB 1), the anion component of which removes traces of reducing sugars (Phillips and Pollard, 1953) . Essentially glucosefree galactose was obtained from the Sigma Chemical Co., St. Louis, Mo., and pure gentiobiose from the Pillsbury Co., Minneapolis, Minn. The "glucose-free" compounds were compared with the reagent compounds in germinationinducing abilities.
In experiments with "deionized" germinants, deionized water (resistivity at least 1.5 X 106 ohm-cm) prepared by passage through Amberlite MB 1 and glassware washed with it were used throughout; 10% solutions of the sugars were deionized with the resin (50 ml of solution to 10 g of resin). Treatment with the resin increased the resistivities of the sugar solutions from ca. 105 to 8 X 105 ohm-cm, and ca. 70% of each sugar was recovered. Spores, washed three times in deionized water, were germinated in unbuffered water solutions (pH, ca. 7.0) of the deionized germinants.
For germination studies, 3.0 ml of spore suspensions plus carbon compounds in phosphate buffer (50 mm, pH 7.0) were shaken in 50-ml Erlenmeyer flasks in a water bath at 30 C. Slides were prepared for microscopic examination at intervals to 2 hr, and germination was determined by the percentage of spores staining with dilute methylene blue.
For study of the promotion of postgerminative development by various carbon compounds, heated spores were germinated by incubation at 30 C in L-alanine (25 mM), potassium phosphate (50 mM), K2SO4 (1 mM), and glucose (0.25 mM). This medium meets the nitrogen, phosphate, and sulfur requirements for postgerminative development Levinson, 1957, 1959; Levinson and Hyatt, 1962) . The small amount of glucose (0.25 mM) was insufficient to support postgerminative development, but did promote rapid and synchronous germination in L-alanine (80% germination in 15 min); by 30 min, when various carbon sources (25 mM) were added, all of the original glucose had been utilized by the germinated spores and had disappeared from the medium (Levinson and Hyatt, in press). Postgerminative development was followed over a 6-hr period. Experiments on the effects of carbon compounds on postgerminative development were done in 50-ml Erlenmeyer flasks, but, when oxygen consumption was being measured, standard Warburg techniques were employed. Glucose utilization was estimated by assay (dinitrosalicylic acid method of Sumner, 1925) Several possibilities were explored (e.g., use of deionized water might be contributing amines; excessive centrifugation of spores during washing). However, it was determined that the absence of the phosphate buffer was responsible for the higher germination, in agreement with our previous observations that high phosphate concentrations are inhibitory to spore germination (Levinson and Sevag, 1953) .] The rate of germination of heated spores incubated with various selected sugars is shown in Fig. 1 . There was no appreciable lag (at 15 min) in inception of germination with any of the compounds tested. With D-glucose, the full germination potential (no further increase in percentage germination with increased incubation time) was reached within 30 min. In D-fructose, Dmannose, L-sorbose, and 2-deoxy-D-glucose, germination was more gradual, but full germination potential was attained within 2 hr in all cases.
Conditions affecting germination. Of the sugars listed as effective germination agents in Table 1 , three (D-glucose, D-mannose, and 2-deoxy-Dglucose) that supported germination of both unheated and heated spores and two (D-fructose and L-sorbose) that were effective only with heated spores were selected for more detailed 
-rhamnose, and D-talose; phosphorylated sugars (with or without 0.4 mM MnSO4): fructose-1,6-diphosphate (Na), fructose-6-phosphate (Na), glucose-l-phosphate (K), glucose-6-phosphate (Na), glycerophosphate (K), 6-phosphogluconate (Ba), and ribose-5-phosphate (Na); alcohols: adonitol, dulcitol, erythritol, and sorbitol; miscellaneous: (Fig. 2) . For 50% germination, 1.0 mM D-mannose, 2.0 mM D-glucose, and 4.0 mm 2-deoxy-Dglucose sufficed, but much higher concentrations were required for the other compounds (70 mM L-sorbose and 250 mM D-fructose). Germination of heated spores in D-glucose, D-mannose, and 2-deoxy-D-glucose reached nearly maximal levels at 25 mm, but germination in the other two compounds continued to increase, with concentrations as high as 250 mm. In subsequent experiments, concentrations of these sugars were adjusted to give roughly equivalent germination.
Effect of pH:-Heated spores were incubated for 2 hr in phosphate buffer at pH levels from 5 to 8 (Fig. 3) 16% with 8-hydroxyquinoline (5 mM), 0 to 12% with ICH2COOK (10 mM), 21 to 35% with NaN3 (10 mM), and 20 to 35% inhibition with NaF (100 mM). Germination in all five sugars was completely inhibited by 1 mm HgCl2. There was no inhibition with 0.5 mm HgCl2; with 1 mM p-chloromercuribenzoate, Atebrin, isonicotinic acid hydrazide, 2, 3-dimercaptopropanol, KCN, sodium diethyldithiocarbamate; or with 10 mM 2,4-dinitrophenol, ethylenediaminetetraacetic acid, or NaAsO2 .
Combinations of germination agents:-Heated spores and various germinants in concentrations sufficient to support ca. 10 to 15% germination when used singly were incubated in combinations. Germination in 0.25 mM L-alanine was stimulated equally by addition of all five of the selected sugars (ca. 100% increase over sum of germination in germinant plus additive). Germination in 0.25 mM D-glucose was not stimulated by addition of D-mannose and 2-deoxy-D-glucose, but was stimulated by addition of D-fructose (56%) and, to a lesser degree, by L-sorbose (19%). Germination in 1.0 mM D-fructose was not stimulated by addition of L-sorbose, but was somewhat stimulated by the addition of the other compounds (16 to 39%).
Sporulation medium:-Spore germination characteristics (including heat-activation requirements) of B. megaterium spores are determined both by the composition of the sporulation medium and by the germination agent (Levinson and Hyatt, 1964) . In current studies, spores produced on several media were tested for germination on the various sugars (Table 2 ). Spores produced on the "basal" medium (Liver Fraction "B", 0.5%; plus KH2PO4, 10 mM) did not germinate on any of the sugars unless they were heated. The heatactivation requirement of "CaCl2 spores" for germination on D-glucose, D-mannose, and 2-deoxy-D-glucose was reduced markedly; that for D-fructose-induced germination was reduced less. "Glutamate spores" had reduced heat-activation requirements for germination on all of the sugars, a Percentage germination of unheated (-) or of heated (+) spores was determined after incubation (2 hr at 30 C) with various sugars in phosphate buffer (50 mM, pH 7.0).
b All sporulation media contained 10 mm phosphate (Levinson and Hyatt, 1964) .
c Medium containing 0.8% Liver Fraction "B" was used for production of the spores used through the remainder of the study.
d Synthetic medium (Levinson and Hyatt, 1964) included glutamate (10 mM) and CaCl2 (0.5 mM).
but this was most marked for germination on D-gJucose and D-mannose. Germination of both heated "CaCl2 spores" and "glutamate spores" was increased over that of "basal spores" so that, in the concentrations used, all of the germinants were equally effective. The spores used in most of our experiments were grown on the "basal" medium supplemented so as to contain 0.8% Liver Fraction "B." These spores had reduced heatactivation requirements for germination induced by D-glucose, D-mannose, and 2-deoxy-D-glucose, probably because of the increased Ca++ content of the additional liver (Levinson and Hyatt, 1964 Postgerminative development of ionically germinated spores. The question of whether ionically germinated spores (Rode and Foster, 1962a) were capable of undergoing postgerminative development was investigated. Spores, heated at 60 C for 30 min, were ionically germinated in 10 mm KCl, in a medium suitable for postgerminative development (25 mm trehalose, as a carbon source; 25 mM (NH4)2SO4 ; 50 mm phosphate; pH 7.0). Trehalose alone did not support germination, nor did it, in combination with KCI, increase the 40% germi- VOL. 88, 1964 SUGARS IN SPORE GERMINATION AND DEVELOPMENT nation obtained with KCl alone. After 6 hr in this medium, 70% of the germinated spores had elongated and 60% had divided. This postgerminative development compared favorably with that of spores germinated physiologically in L-alanine, with trehalose as the carbon source.
Oxygen consumption in the presence of various carbon sources. The morphological stages of spore germination and subsequent growth coincided with changes in respiratory activity, the respiratory rate curves being characterized by linear increases in rate corresponding to the phases of germination, swelling, elongation, and cell division (Levinson and Hyatt, 1956 ). Heated spores, incubated after germination in a medium suitable for postgerminative development, had different oxygen uptake rates with different carbon sources (Fig. 6 ). In general, these curves reflected the progress and extent of postgerminative development on the various carbon compounds. Glucose concentration requirements and utilization. Heated spores, germinated in a medium containing only 0.25 MMv D-glucose, but otherwise suitable for postgermninative development, were incubated with an additional 0 to 50 mm glucose. In the absence of additional n-glucose, no postgerminative development occurred, and the oxygen uptake rate did not increase over that of the germinated spores (Fig. 7) The utilization of D-glucose, at an initial concentration of 25 mm (6.75 mg of glucose in 1.5 ml of reaction mixture), was determined at intervals during incubation of heated spores undergoing postgerminative development (Fig. 7, inally present, the decline in oxygen uptake rate at 230 min was not due to depletion of D-glucose.
DISCUSSION
In many respects, this work with carbon compounds parallels our previous studies on nitrogenous compounds in germination and in postgerminative development of B. megaterium spores Hyatt and Levinson, 1962) . In postgerminative development, carbon compounds are utilized for the synthesis of cellular material and as energy sources. Germination, on the other hand, may involve a "trigger" or activation mechanism, not necessarily using the germinant as a source of carbon. The 77 carbon compounds listed in Table 1 Many factors must be considered in determining whether a given compound is a germination agent. These include organism variables such as species or strain, spore population hetreogeneity, sporulation medium, and heat activation or aging of spores; substrate factors such as concentration, combinations of germinants, and ionic or other contamination; and physical factors such as pH and temperature of incubation.
The effectiveness of sugars as germination agents varies with the species or strain of Bacillus (Stedman, 1956 ). Thorley and Wolf (1961) Rode and Foster (1962a, b) distinguished between two types of B. megaterium strains, those which respond to glucose or mannose (our strain, QM B1551), and those, like B. megaterium Texas, whose germination is initiated best by a mixture of L-alanine and adenosine or inosine. Powell (1951) and Powell and Hunter (1958) demonstrated that heated spores of the glucose-mannose type of B. megaterium also germinated in glucosamine. None of the 11 sugars tested by Hermier (1962) at 100 mm gave more than 30 % germination of heated (100 C, 30 min) B. subtilis spores, and the percentage of germination was not increased by the addition of amino acids. However, Hachisuka et al. (1955) found that, in the presence of L-asparagine (which did not, in itself, support germination), heated (80 C, 15 min) B. subtilis spores germinated at least 75% in caramelized glucose, maltose, fructose, lactose, or sucrose but, with the exception of maltose, not in the intact sugars. Halvorson and Church (1957) reported that freshly harvested B. cereus strain T spores, requiring both adenosine and heat activation, germinated rapidly in L-alanine but more slowly in glucose, pyruvate, acetate, or gluconate. Aging, however, relieved these spores of this requirement for adenosine and heat activation.
Because certain sugars such as D-glucose are effective germination agents at quite low concentrations, some caution should be used in interpreting the results when relatively high concentrations of other compounds, possibly contaminated with traces of glucose, are necessary for germination. For example, a number of sugars (e.g., D-galactose, a-methyl-D-glucoside, and gentiobiose) which promoted germination of heated spores, were devoid of germinative capacity when freed from glucose contamination. We cannot, on the basis of our observations on germination in reagent and in deionized sugars, agree with Rode and Foster (1962a) that contaminating ions bear a prime responsibility for germination in reagent glucose, although it is possible that we had particularly ion-free reagent sugars. Nevertheless, ions are important adjuvants, and germination in D-glucosamine -HCl is almost certainly due, in part, to Cl-.
The compounds which we do consider to be active germination agents for our strain of B. (Table 1) . To the best of our knowledge, 2-deoxy-D-glucose and 2-hydroxyethyl-D-glucose have not previously been reported as germination agents for Bacillus spores. The effective compounds are all hexose sugars or their derivatives. D-Mannose, 2-deoxy-D-glucose, D-glucosamine, and N-acetyl-D-glucosamine, which support germination of unheated spores, differ from D-glucose only in the configuration at carbon atom 2. Compounds such as D-fructose, L-sorbose, ,Bmethyl-D-glucoside, D-allose, and D-altrose, which are effective only with heated spores, differ from glucose configuration at additional carbon atoms (1, 3, or 5). Our evidence is inadequate to serve as a basis for speculation on the relationship between specific modifications of chemical structure and germination, as was done for amino acids by Woese, Morowitz, and Hutchison (1958) .
We previously demonstrated, by variation of conditions for germination, that D-glucose and various nitrogenous compounds (notably L-alanine and L-valine) induce germination of B. megaterium spores by different metabolic pathways ). In the current parallel study, although some differences in the promotion of germination by five selected sugars are apparent, the evidence is not sufficient to warrant concluding that multiple pathways are operative in sugar-induced germination.
Postgerminative development of B. megaterium spores is supported by a wider variety of carbon compounds than is germination (Table 1) . These carbon compounds include some pentoses and hexoses, some sugar derivatives, many disaccharides and oligosaccharides, some alcohols, and some of the more readily permeable tricarboxylic acid cycle intermediates. Phosphorylated sugars were neither oxidized nor used for postgerminative development. The rate and extent of development and the rate of oxygen consumption did not depend upon the class of compound, malate (a dicarboxylic acid), D-glucose (a monosaccharide), and trehalose (a disaccharide) all supporting equal development and similar oxygen uptake rates.
In our experience, glucose and other compounds are not oxidized by ungerminated spores,
